Introduction
Potential applications of thin film ferromagnet/superconductor (F/S) heterostructures have led to comprehensive investigations in this field, the most important of them including proximity [1] and Josephson effects [1] [2] [3] [4] [5] . Dilute ferromagnetic films with low coercive field have gained significant practical importance due to possibility of their integration into Josephson S/F/S heterostructures [6] [7] [8] [9] [10] [11] . Due to low magnetic moment and tunability of the Curie temperature, Cu-Ni and Pd-Fe alloys are the two main candidates that are currently being considered for application in S/F/S heterostructures [4, [11] [12] [13] . Thus, Cu-Ni alloy was used in the S/F/S-type junction of Nb/CuNi/Nb to demonstrate the flow of the Josephson supercurrent through the ferromagnetic barrier, as well as the intrinsic inversion of the phase of the superconducting wavefunction across the ferromagnetic link (0 − π crossover junction) [14, 15] . Thin films of Pd 1−x Fe x alloys with low iron content x exhibit an anisotropy in the film plane and small coercive field, which makes them ideal candidates for new elements of cryogenic magnetic memory based on the Josephson effect [4, 5, 11] . In these devices, the value of the critical Josephson current is determined by the applied magnetics flux, including the orientation of the magnetization, and thus is tightly related to the magnetic history of the ferromagnetic layer. In [16] the studies of the S/F/S junction with weakly ferromagnetic Pd 0.99 Fe 0.01 interlayer were reported that lead to the suggestion of utilizing this material in magnetic switches. Thus, Pd 1−x Fe x alloys are lowtemperature soft ferromagnetic materials promising for thin film devices based on S/F/S-type heterostructures.
Important properties that obviously influence the characteristics of heterostructure-based electronic components is the crystallinity of the layers and quality (transparency) of the interfaces. Undoubtedly, an operation of the devices based on polycrystalline layers and of those based on heteroepitaxial structures would differ significantly. Other important differences related to heterostructure crystallinity include reproducibility of characteristics and long-term stability of the elements. A search for S/F layer combinations suitable for heteroepitaxial multilayer structures nowadays therefore is strongly requested.
Recently, we have successfully developed a procedure for high-quality epitaxial Pd 1−x Fe x (x < 0.10) film synthesis on the (001)-oriented MgO substrate [17] . The most popular now material for S-layers of S/F/S structures is niobium. There were no reports found on successful epitaxial growth of the Nb thin films on MgO or SrTiO 3 because of incommensurability of their lattices. The same holds for the epitaxy between Nb and Pd 1−x Fe x . Another attracting class of superconductors is cubic transition metal nitrides. Among those, we find the vanadium nitride (VN) as most suitable for a synthesis of heteroepitaxial S/F/S-structures. It's lattice constant value of 413.4 pm [18] is between that for MgO (421.2 pm) and Pd 1−x Fe x (∼ 388.0 pm [17] ) and thus, embedded between the latter two would relax relatively hard epitaxy condition (∆a/a 0 = −7.9%) for Pd 1−x Fe x /MgO pair. At the same time, the critical temperature of the transition to the superconducting state on the VN (values up to 9.20 K were reported [19] ) is almost the same as that of the bulk niobium (9.25 K).
In this paper, we report on the successful synthesis of low-temperature S/F heteroepitaxial thin-film structure VN/Pd 0.96 Fe 0.04 on the single-crystal (001)-MgO substrate and present the results of the Pd 0.96 Fe 0.04 layer magnetic anisotropy studied with ferromagnetic resonance (FMR) spectroscopy.
Sample preparation and characterization techniques

Sample synthesis
Ultrahigh vacuum setup including the magnetron sputtering (BESTEC, Germany), molecular beam deposition and analytics chambers (SPECS, Germany) was used to synthesize the heterostructure of VN/Pd 0.96 Fe 0.04 on MgO. Before the deposition, the chamber was evacuated below 3 × 10 −9 mbar. Vanadium nitride film was grown directly on the annealed in the UHV at 800 • C for 5 minutes epi-ready MgO (001) substrate by the reactive dc magnetron sputtering technique. Vanadium metal disc with the purity of 99.995% served as a target, and the atmosphere in the chamber was composed of Ar as a plasma gas and nitrogen (N 2 ) as a reactive gas with the pre-calibrated rates of flow of 12 cm 3 /min and 8 cm 3 /min, respectively. The working pressure was kept at 6 × 10 −3 mbar. The magnetron power was fixed at 100 W. The substrate temperature during the deposition was 500 • C. Film thickness was measured with the stylus Bruker DektakXT profilometer ex situ after the whole structure deposition, and the VN layer was found 15-nm thick. For synthesis of the heterostructure, a thin Pd 0.96 Fe 0.04 film with a thickness of 20 nm was epitaxially grown on the VN layer following the three-step procedure [17] after movement of the sample holder to the molecular beam epitaxy (MBE) chamber without breaking the UHV conditions. At every step, the in situ low-energy electron diffraction (LEED) pattern was observed (see Fig. 1 ). Sharpness of the LEED patterns confirms that the good crystallinity of every layer in the heteroepitaxial VN/Pd 0.96 Fe 0.04 on MgO has been achieved. 
Experimental details
Elemental composition of the grown layers was defined with the X-ray photoelectron spectroscopy (XPS). XPS spectra were measured in situ in the ultrahigh vacuum analytical chamber (base pressure ∼ 3 × 10 −10 mbar) with the Mg-Kα X-ray source operated at 12.5 kV. X-ray diffraction patterns were measured in the Bragg-Brentano geometry with Bruker D8 Advance diffractometer equipped with the Cu-Kα (the wavelength λ = 1.5418Å) source and Euler cradle for sample rotation. The vibrating sample magnetometry (VSM) option of the Quantum Design PPMS-9 system was used to measure the M (B, T ) dependencies. Commercial cw X-band (∼ 9.4 GHz) Bruker ESP300 EPR spectrometer equipped with a standard ER4102ST TE 102 -mode rectangular cavity was utilized for FMR spectra recording. Sample temperature was controlled using the Oxford Instruments ESR9 continuous helium flow cryostat.
Sample characterization
XPS analysis
The chemical composition of the constituent elements of the top surface of the heterostructure was verified with XPS analysis. Figure 2 shows the XPS spectrum of the top Pd 0.96 Fe 0.04 thin film layer. The spectrum of Pd 3d-electrons reveals two peaks at 341 eV and 335 eV originating from the Pd-3d 3/2 and Pd-3d 5/2 states, respectively [20] . For iron, the binding energies of 721.5 eV and 708.7 eV correspond to Fe-2p 1/2 and Fe-3d 3/2 states [20] . It is clearly seen from the spectrum that no contamination can be found at the surface of the heterostructure. No signatures of V or N could be detected which points out that the VN was conformally covered with the Pd 0.96 Fe 0.04 alloy. The actual atomic composition estimated from the high-resolution spectra of the Pd-3d 5/2 and Fe-2p 3/2 electrons was defined as Pd 0.957 Fe 0.043 and turned out to be in a good agreement with that pre-determined by the preliminary calibrated deposition rates [17] .
Crystal structure of the layers
X-ray diffraction pattern of the resulting VN/Pd 0.96 Fe 0.04 heterostructure measured in the Bragg-Brentano geometry is presented in Fig. 3 . Distinct out-of-plane (002) maxima for the substrate and heterostructure layers are clearly seen and are found at the expected 2θ-values. Relatively large width of the diffraction maxima of the VN and Pd 0.96 Fe 0.04 layers is in full agreement with its value predicted by the Scherrer relation [17] and thus is due to their nanometerscale thickness. In total, XRD data combined with mutually coherent LEED patterns ( Fig. 1) reveal high crystallinity and "cube-on-cube" epitaxy of the VN/Pd 0.96 Fe 0.04 heterostructure on the single-crystal MgO (001) substrate. 
Magnetometry and ferromagnetic resonance results
Magnetic properties of the VN/Pd 0.96 Fe 0.04 thin-film heterostructure have been studied with the dc magnetometry and ferromagnetic resonance (FMR) spectroscopy techniques. Hysteresis loop measured with the magnetic field applied along the 100 in-plane direction of the MgO substrate is shown in Fig. 4 . The shape of the loop suggests that this is the hard in-plane direction of the Pd 0.96 Fe 0.04 film. Coercive field value is 0.8 mT, the saturation magnetization is 131 emu/cm 3 . In Fig. 5 the FMR spectra of the VN/Pd 0.96 Fe 0.04 heterostructure measured in the in-plane and out-of-plane geometries at two temperatures, 20 K and 5 K, are presented. At 20 K, the VN layer is in the normal state while, according to the conductivity measurements, at 5 K it is already in the superconducting state (T c ∼ 5.2 K, compare with the T c0 ∼ 7.85 K of the same, uncapped with Pd 0.96 Fe 0.04 , vanadium nitride film). These results confirm the easy-plane character of the film magnetic anisotropy due to the dominating demagnetization field term [21] [22] [23] . An appearance of the wide microwave absorption in the low-field range is a consequence of the emerging superconductivity of the VN layer, its observations and mechanisms are discussed in Refs. [24] [25] [26] [27] [28] . Additional complexity may arise from the proximity ferromagnet/superconductor effect that evidently occurs in the studied heterostructure [29] . A bundle of sharp lines observed in the range of 300 − 400 mT are the electron paramagnetic resonance signals originating from the 3d-metal impurities in the MgO substrate. The angular dependence of the FMR field for resonance of the epitaxial VN/Pd 0.96 Fe 0.04 heterostructure for the in-plane and out-of-plane geometries is shown in Fig. 6 . Uniaxial twofold symmetry is found for the out-of-plane sample rotation, while the four-fold symmetry is observed when the field is rotated in the film plane.
Orientation dependencies in Fig. 6 indicate also that the in-plane easy and hard axes for magnetization of the epitaxial Pd 0.96 Fe 0.04 film within the VN/Pd 0.96 Fe 0.04 heterostructure correspond to the 110 and 100 crystallographic directions of the MgO (001) substrate.
Anisotropy constants were extracted by simultaneous fitting of the in-plane and out-of-plane dependencies of the FMR resonance field using the free energy density expansion [21, 22] 
The first term in the equation is the Zeeman energy in the external dc magnetic field H; the second term is the demagnetization energy related to the thin-film shape of the sample. The third term accumulates the "perpendicular" anisotropy coming from the interface with the substrate and the free surface, as well as a leading term of the tetragonal anisotropy. The last two terms are the cubic and the forth-order tetragonal anisotropy contributions, respectively.
Resonance field for a given direction of the applied magnetic field is found by simultaneous solution of the following equations [30, 31] :
Equations (2) determine the equilibrium direction of the magnetic moment for a given direction and a magnitude of the dc magnetic field. Expression (3) is the Suhl equation for resonance, where E θθ , E φφ and E φθ are the second derivatives of the free energy Eq. (1) with respect to the magnetic moment direction angles, φ and θ; ω res is the circular frequency of the spectrometer [30] . The number of the varied model parameters in the course of fitting was reduced by taking into account the value of M s = 131 emu/cm 3 determined from the magnetometry data.
The parameters obtained by the fitting are given in Table 1 . Also, in the second row of Table 1 , the results of the study of the epitaxial Pd 0.962 Fe 0.038 (20nm) thin film on MgO (001) substrate [32] are shown for comparison. On the first sight, parameters obtained for the VN/Pd 0.96 Fe 0.04 look contradictory: almost zero K p value with non-zero K 2 . This, however, is a consequence of a peculiar mutual compensation of the interface and magnetocrystalline contributions to the uniaxial-symmetry term of the free energy Eq. (1). As far as the comparison between the parameters for Pd 0.96 Fe 0.04 film on MgO and on the VN layer are concerned, we find the forthorder cubic anisotropy constant K 1 for the latter notably larger while the forth-order tetragonal K 2 value is about 25 percent smaller. The difference in K 1 values we relate to the actual difference in iron concentrations of about 0.7% (see Ref. [32] for details). Decrease of the K 2 value, in our opinion, is due to a smaller lattice mismatch between Pd and VN than that for the Pd and MgO couple. Smaller lattice strains reduce the tetragonal distortion and related to them values of K 2 and K p . Consequently, by comparing the table data, we conclude that VN and MgO substrates have a different effect on the thin film of palladium-rich Pd 1−x Fe x alloy due to a smaller mismatch of the Pd 1−x Fe x and VN lattice constants compared to Pd 1−x Fe x and MgO.
Summary
We have successfully grown the epitaxial VN (15 nm)/Pd 0.96 Fe 0.04 (20 nm) thin film heterostructure on the MgO (001) substrate using the combination of the reactive magnetron sputtering and molecular beam epitaxy, which was confirmed by various structural analysis methods such as LEED, XRD, and FMR. Manifestations of the superconductivity are observed in both the in-plane and out-of-plane FMR spectra of the VN/Pd 0.96 Fe 0.04 heterostructure at low temperature (4.2 K) that disappear with temperature increase to 20 K. The tetragonal distortion of the Pd 0.96 Fe 0.04 on the VN layer is significantly reduced in comparison with Pd 0.96 Fe 0.04 on MgO due to the reduced lattice mismatch.
